In 1991, Neas et al. reported that indoor nitrogen dioxide (NO 2 ), a byproduct of high-temperature combustion, was significantly associated with lower respiratory symptoms among a cohort of 1159 white children aged 7-11 years in six US cities studied from 1983 to 1988. For each 15 p.p.b. increment of NO 2 , the multivariate adjusted odds ratio (OR) was 1.4 (95% confidence interval (CI) ¼ [1.1, 1.7]). Although indoor NO 2 concentration in the ambient air was assessed only in a subset of the children, the prevalence of lower respiratory symptoms and surrogate exposure variables were available in all of the children at the time of the indoor monitoring program. This paper evaluates the effect of indoor NO 2 exposure on the annual risk of lower respiratory symptoms by applying a regression calibration method to the 2891 children in the overall study with complete covariate and outcome data, 1137 of whom had NO 2 directly measured and 1754 of whom only surrogate exposure data were available. An estimate of the indoor annual NO 2 exposure effect (p.p.b.) is obtained, which is adjusted for measurement error induced by the use of surrogate NO 2 sources among the 1754. These sources include the presence of a gas stove with or without a pilot light, the presence of a kerosene space heater, the presence of a wood stove, and the usage of a stove for heating, and residential characteristics, including fan usage for kitchen ventilation and the total number of rooms in the home. After adjusting for age, gender, city, parental history of respiratory diseases, and smoking inside the children's home (packs/day), a 15-p.p.b. increment in NO 2 exposure was found to be associated with a significant 50% increased annual risk of lower respiratory symptoms (OR ¼ 1.5, 95% CI ¼ [1.2, 1.8]). Simulation results indicated that, under conditions similar to those observed in these data, the estimator is unbiased and has a coverage probability close to the nominal value. Using the methodology illustrated in this paper, it became possible to utilize all data available and obtain a 34% more precise estimate of the NO 2 exposure effect on lower respiratory symptoms, which was adjusted for measurement error due to using NO 2 surrogates instead of directly measured NO 2 .
Introduction
The Six Cities Study, a longitudinal study conducted between September 1983 and June 1988, investigated the respiratory health effects of indoor air pollutants in 6273 preadolescent children (Ware et al., 1984; Dockery et al., 1989) . Respiratory symptoms and pulmonary function were found to be significantly associated with indoor air pollution sources such as parental smoking, gas stoves, and kerosene heaters determined from questionnaires, as well as with residential exposure to nitrogen dioxide (NO 2 ) directly measured by indoor monitoring (Ware et al., 1984; Dockery et al., 1989; Neas et al., 1991 Neas et al., , 1994 .
While evidence of increased respiratory symptoms and lower lung function has been reported for passive smoking exposure, the association with NO 2 sources has been less consistent. To examine the effects of NO 2 sources further, Neas et al. (1991) evaluated the effects of children's residential exposure to NO 2 , which were directly measured by indoor monitoring among 1159 white children aged 7-11 years. Lower respiratory symptoms, assessed by a questionnaire administered after indoor monitoring, showed that a p.p.b. increment (15 p.p.b. was the increment in mean NO 2 associated with the presence of a gas stove in the homes included in our study) in the mean residential annual NO 2 levels was associated with an increased annual prevalence of lower respiratory symptoms (OR ¼ 1.4, 95% confidence interval (CI) ¼ [1.1, 1.7]). These symptoms included one or more reports of the following: attacks of shortness of breath with wheeze, chronic wheeze, chronic cough, chronic phlegm, or bronchitis.
In this paper, the effect of indoor NO 2 exposure on the annual prevalence of lower respiratory symptoms is evaluated by applying a regression calibration method to the 2891 children in the Six Cities Study with complete covariate, outcome, and NO 2 sources data, including those without direct NO 2 measurements. This approach corrects for bias due to measurement error from the use of the NO 2 sources, which include the presence of a gas stove with or without a pilot light, the presence of a kerosene space heater, the presence of a wood stove, the usage of stove for heating, fan usage for kitchen ventilation, and the total number of rooms in the home, in place of direct individual measurements of NO 2 exposure, as would ideally be desired. The effect of NO 2 exposure on lower respiratory symptoms was assumed to follow the logistic regression model:
where for each subject
. . . ; Z si for the binary indicator, D i , which takes the value 1 if lower respiratory symptoms occurred during the past year and 0 otherwise, X i is the quantitative measure of NO 2 level, and Z 1i ,y,Z si are the values of covariates assumed to be perfectly measured, which include indicators for city, age group, gender, parental history of bronchitis or emphysema, parental history of asthma, parental college education, single parent family status, and the total number of cigarettes smoked in the home (packs/day), as defined by Neas et al. (1994) . The parameter b l is the log odds ratio for a one unit increment in the quantitative exposure, and is the parameter of interest in this analysis. As there are multiple surrogates for exposure in this study, a modification of regression calibration that efficiently combines exposure estimates obtained for each surrogate is used (Weller et al., 2005) . The advantages of the approach applied in this paper are that all of the available data are used, bias due to measurement error is removed, the relative risk is scaled to the measured units of the exposure of interest, and the variance of the estimate of the exposure effect is adjusted for the additional uncertainty inherent in the study due to the estimation of exposure among those without NO 2 levels. The results of this analysis are then combined with the results from the original study in which direct NO 2 measurements were available, to produce a single, summary estimate that fully utilizes all the data.
Methods

Study Population
The study population was drawn from children between the ages of 7 and 11 living in six different communities: (1) The following year, in each city, a second questionnaire and pulmonary function examination were administered to all children who were still living in these communities. Between 12 and 18 months later in the fall, the parents received a third health questionnaire. This questionnaire provided the information for the year in which the indoor monitoring was conducted. Each questionnaire followed a standard format and collected information on the child's age, gender, race, respiratory symptoms during the past year, NO 2 sources, and residential characteristics. It also collected parental data, including respiratory diseases, employment, smoking information, education, and marital status.
A stratified one-third random sample of the first questionnaire respondents was invited to participate in a comprehensive program of indoor air quality measurements. Stratification on parental cigarettes smoking and NO 2 sources led to a final sample in which 58% of households were smokers and 48% of households had a major source of NO 2 , either a gas cooking stove or kerosene heater. Based on the residential indoor air quality measurements, an annual average NO 2 level was then obtained (Neas et al., 1991) . Included in this validation study are 1137 children with complete covariate information, complete data on NO 2 surrogates, and annual average NO 2 measurements.
The outcome of interest in this analysis is one or more of the following five lower respiratory symptoms in the previous year: (1) attacks of shortness of breath with wheezing, (2) persistent wheeze, (3) chronic cough, (4) chronic phlegm, and (5) bronchitis. The outcome data collected at the time of the third health questionnaire were used because they provided information for the year in which the indoor monitoring was conducted. Surrogates of indoor NO 2 exposure were grouped as NO 2 sources, such as the presence of a gas stove with or without a pilot light, the presence of a kerosene space heater, the presence of a wood stove, and the usage of stove for heating, and residential characteristics, such as fan usage for kitchen ventilation and the total number of rooms in the home.
In addition to the 1137 children in the validation study, the main study consisted of the remaining 1754 children with outcome data, surrogate exposure data, and other confounding covariate information. These main study participants did not have average annual NO 2 exposure measured.
Statistical Analysis
In environmental epidemiology, exposure is often described by characteristics of the environment and the exposure duration. A more accurate quantification of exposure is often obtained on a subset of study participants using personal or area monitors, and the exposure effect on the outcome may be assessed by fitting model (1) to the observed data. This approach, however, may have reduced power compared to an analysis that includes all subjects on whom outcome information is obtained, since the quantitative measure of exposure is assessed in only a subset of subjects, but the outcome information is obtained on all subjects. Weller et al. generalized the Rosner et al. regression calibration approach to apply to studies such as this one, where multiple characteristics describe the environmental exposure. These methods provide a single, approximately unbiased exposure effect estimate in the quantitative exposure units, and also give a valid asymptotic standard error, extending the methods developed by Rosner et al. (1989 Rosner et al. ( , 1990 .
The regression calibration method for multiple surrogates requires a main study/validation study design. In the main study here, the binary outcome of interest (e.g. respiratory symptoms at the third questionnaire), the NO 2 sources, and residential characteristics, but not NO 2 levels, as well as the perfectly measured covariates are measured on n 1 participants. The validation study is comprised of the n 2 participants who have detailed quantitative exposure assessments, NO 2 sources, and residential characteristics, as well as the perfectly measured covariates. It is also possible to use the health information of the validation study participants if available.
Weller et al.'s method can be used when two or more surrogates together are needed to estimate the exposure among the study participants without the quantitative exposure assessments. In this approach, the following logistic regression model is fit in the main study using data on all r surrogates, W 1 ,y,W 2 and the S perfectly measured covariates, Z 1 ,y, Z s :
for subject i; i ¼ 1; . . . ; n 1 . Next, the quantitative exposure measure is modeled as a linear function of the exposure surrogates and the covariates in the validation study:
where e i are independent random errors with mean 0 and constant variance s 2 and i; i ¼ 1; . . . ; n 2 . A bias-corrected estimate is obtained by first computing the estimates for the r surrogate exposure variables:
and then combining them using inverse variance weights, as discussed by Spiegelman et al. (2001) . This results in a single estimate,b 1 , which has minimum variance and is in the original units of the quantitative exposure (X). The variance ofb 1 was derived using the multivariate delta method. This method is valid if either the outcome of interest is rare and e is Gaussian, or if the measurement error is not severe, that is, if b 1 2 s 2 is small. When r ¼ 1, the measurement error-corrected point estimate of the log of the relative risk reduces to that originally given by Rosner et al. (1989) .
When b can be estimated in the validation study, as here, this estimate can be efficiently combined with the estimate described above,b 1 , to produce a single summary estimate as discussed by Spiegelman et al. (2001) .
The analysis presented in this paper included n 1 ¼ 1754 subjects in the main study and n 2 ¼ 1137 subjects in the validation study. Seven surrogates for the NO 2 exposure were used: NO 2 sources included the presence of a gas stove with or without a pilot light, the presence of a kerosene space heater, the presence of a wood stove, and the usage of stove for heating; residential characteristics included fan usage for kitchen ventilation and the total number of rooms in the home. In the main and validation study models, five variables were used as indicators for the presence of the four NO 2 surrogates: two for gas stove with or without pilot light (reference group is no gas stove), and one each for use of kerosene space heater, stove for heating, and wood stove. Two additional variables (number of rooms in the home and an indicator for use of fan for kitchen ventilation) were included for residential characteristics. Confounders include parental data, such as history of respiratory diseases, employment, smoking information, education, and marital status.
Logistic regression model (2), written as
was fit in the main study, where p is the probability that a participant had an occurrence during the prior year of one or more lower respiratory symptoms reported in the third questionnaire. The parameters, a 11 and a 12 , represent the effects of the presence of NO 2 surrogates, and are not in the units of p.p.b. as might be desired. Measurement error model (3), written as
was fit in the validation study. The log odds ratio for annual prevalence of respiratory symptoms in p.p.b.,b, was obtained by optimally combining theb 1 as given by Eq. (4), withb 1 obtained from fitting model (1) in the validation study alone, using inverse variance weights. Before we performed the measurement error correction to estimateb 1 , the assumptions for valid application of this methodology were verified, namely: (1) measurement error model (6) is linear and homoscedastic; (2) the seven surrogates were proper surrogates for NO 2 levels; (3) the estimated measurement error model in the validation study is representative of the (unobserved) measurement error model in the main study; (4) exposure is linearly related to outcome on the logistic scale (model (1)); and (5) the outcome is rare and the residuals of measurement error regression model (3) are normally distributed, orb 1 2 s 2 is small. Note importantly that ifb 1 2 s 2 is small, normality is not required in this or any other underlying assumption of the method.
The first assumption was verified by examining the plot of the residuals from measurement error model (3) against the predicted values, which did not indicate non-linearity or heteroscedasticity (Figure 1) . The correlation between the squared residuals and the predicted values was 0.2.
The second assumption was verified by a likelihood ratio test comparing two logistic regression models fit in the validation study, one with the NO 2 level and the confounders only and the other with the seven surrogates added. No significant amount of additional information about the annual prevalence of one or more respiratory symptoms was contained in the seven surrogates, after accounting for NO 2 levels (P ¼ 0.18).
The third assumption typically cannot be verified empirically, but would be valid if sampling into the validation study was unrelated to the NO 2 level within different surrogate groups, conditional on the observed determinants of the sampling fractions. Since these levels were unknown to the investigators at the time the participants were selected for the study, this assumption was likely to have been true.
The fourth assumption was validated by expanding model (3) to include restricted cubic spline terms (Durrleman and Simon, 1989) in the validation study. Since no non-linear term was selected into the model using stepwise selection, the assumption of linearity between the exposure and logit of the outcome at a P ¼ 0.05 level was verified.
One aspect of the last assumption, requiring that the outcome be rare, was clearly violated, since the overall annual prevalence of respiratory disease in the main study was 22%. It was therefore unnecessary to further investigate the normality of the residuals of regression model (6), since the first requirement of this assumption was violated. However, the estimated value of the alternative parameter used to verify severity of the measurement error was small:b 1 2 s 2 x|w,z ¼ 0.09. It is not clear how small this parameter should be to obtain good performance of this regression calibration procedure. Therefore, a simulation study, as discussed in the next section, was performed to evaluate the performance of the estimator for this particular data set.
Diagnostics and statistical analyses were performed using Splus (MathSoft, Inc.) and SAS (SAS Institute Inc., Cary, NC, USA).
Simulation Study
As the rare disease assumption was likely violated and because it is not possible to give benchmark cutoffs for the 'small measurement error assumption', b 1 2 s 2 x|w,z , we conducted a simulation study to assess the performance of the estimator under conditions following the data structure observed in this study to as large an extent as possible. A total of 2000 simulated data sets were generated, and, for each of these, the procedures discussed in the previous section were applied to estimate b 1 . The performance of the estimator was assessed using percent bias 100 Ã ð P 2000 b¼1 eb 1b =2000Þ À eb 1 eb 1 ! and the coverage probability (percentage of the 2000 simulated data sets for which the 95% CIs for eb 1b contained eb 1 ), whereb 1b is the estimated exposure parameter for the b th simulated data set and eb 1 is the odds ratio estimated from the data. Ideally, the percent bias should be less than 10% and, with 2000 simulated data sets, the coverage probability should be within 2% of the nominal level of 95%.
To generate the validation study, we sampled the seven surrogates and the confounders jointly with replacement from the validation study. Next, n 2 random errors were generated from a N(0, s 2 ), where s 2 was set to 45.92 as estimated in the data. The true exposure values, representing NO 2 exposure, were computed from measurement error model (6) with the estimated parametersĝ 1 ,y,ĝ r þ s given in Table 3 and obtained by fitting model (6) in the validation study.
To generate the main study sample, the seven surrogates and the confounders were also sampled jointly with replacement from the main study. Random errors were generated as in the validation study, and true exposure was computed following model (6), using the parameter estimates given in Table 3 . Next, the outcome was generated from the Bernoulli distribution with a probability computed from logistic regression model (1), with the estimated coefficientŝ b,y,b r þ s calculated by Eq. (4) using theâ 1 ,y,â r þ s from model (5) fit in the main study andĝ 1 ,y,ĝ r þ s from model (6) fit in the validation study. Based on our simulation study, the estimator performed well, with a negative percent bias of 0.39% and coverage probability of 96%.
The sample computer code used to perform the analysis included in the paper is given in the appendix. User-friendly software is available in SAS and Splus for the Weller et al. method, which can be downloaded from the URL http:// www.hsph.harvard.edu/faculty/spiegelman/multsurr.html.
Both the SAS macro and the Splus routine evaluate the performance of the estimator in terms of per cent bias and coverage probability following the simulation process described above, in addition to adjusting the estimated log odds ratios and their standard errors for measurement error.
Results
The empirical distribution of NO 2 levels in the validation study is given in Figure 2 . Table 1 gives the basic characteristics and annual prevalence of respiratory symptoms for the children in the validation and main studies. Respiratory symptoms rates were higher in the validation and main studies combined for the children in homes with a NO 2 source. The higher annual prevalence of lower respiratory symptoms among children with parents who smoked at home, parents with a history of bronchitis or emphysema, or asthma highlights the need to adjust for these potential confounders in the analysis. The distribution of the NO 2 surrogates was similar in the validation and main studies.
As shown in Table 2 , the mean NO 2 level is higher in households with each NO 2 surrogate except for the wood stove, compared to households without an NO 2 source. When evaluated together in the measurement error model (Table 3) , all of the surrogates except for the use of a stove for heat were associated with NO 2 level. Owing to the strong association of the use of stove heat with lower respiratory symptoms in the logistic regression model (OR ¼ 1.61, 95% CI ¼ [1.05, 2.47]; Table 4 ), this surrogate was kept in the model. Figure 1 is a scatterplot of true and predicted NO 2 levels obtained from fitting model (6). The r 2 for this measurement error model was 0.67.
The results from the uncorrected analysis given in the first two columns of Table 4 show that, in addition to the usage of a stove for heating, the use of kerosene heater and gas stove is associated with an increased odds for lower respiratory symptoms, relative to those with no NO 2 source. Using the estimates of a 1 ,y, a r þ s in the uncorrected analysis and the estimates of g 1 ,y, g r þ s given in Table 3 from measurement error model (6), the estimated exposure effects for each surrogate are provided in the second column of Table 4 following Eq. (4). For example, the estimated odds ratio for a 15-p.p.b. increment in NO 2 levels obtained using gas stove with a pilot light as the surrogate for NO 2 exposure is eb gas; pilot ¼ e 0:43=10:05 ¼ e 0:04 ¼ 1:04. Consistent with the uncorrected analysis, there is a significant increase in the odds ratios for those children in homes that used a gas stove with pilot light, stove for heat, and kerosene heater.
Using the weights given in Table 3 , the measurement errorcorrected estimated exposure effect combining the individual surrogates gave an OR ¼ 1.60 (95% CI ¼ [1.10, 2.32]) for a 15-p.p.b. increment in NO 2 . This is consistent with results obtained by fitting model (1) among the validation subjects alone (OR ¼ 1.41, 95% CI ¼ [1.13, 1.75]). Combining the results from the modified regression calibration approach and from the logistic regression model in the validation subjects alone, a 15-p.p.b. increment in NO 2 is associated with a 50% increase in the odds of having one or more lower respiratory symptoms (95% CI ¼ [1.20, 1.75]). The precision of OR was increased by 34% in the combined analysis using all available data (Var(b 1 ) ¼ 0.00004096).
Discussion
Using the modified regression calibration approach, we found that exposure to NO 2 is significantly associated with Indoor nitrogen dioxide and respiratory symptoms These are the inverses of the variances of the corresponding measurement error model coefficients.
Indoor nitrogen dioxide and respiratory symptomsin NO 2 levels was associated with a 50% higher annual prevalence for respiratory symptoms. These results are consistent with those reported by Neas et al. (1991) from the 1159 validation study subjects alone. The modified regression calibration approach illustrated in this paper has several advantages. First, it combines data from both the children included in the main and validation studies by adapting measurement error correction methods to utilize data from multiple surrogates for exposure when exposure is not directly measured, to obtain a single quantitative estimate of the effect of NO 2 exposure on lower respiratory symptoms. Second, by utilizing this methodology, it became possible to use all of the data available, resulting in a 34% more precise estimate of the effect of NO 2 on lower respiratory symptoms among children than had been available previously. Odds ratios and their 95% CIs are given for the effect of each surrogate, adjusted for all others and for the model covariates. c Odds ratios and their 95% CIs are given for the effect of a one-room increase, adjusted for all other surrogates and for the model covariates.
